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The identification of synaptic partners is challenging
in dense nerve bundles, where many processes oc-
cupy regions beneath the resolution of conventional
light microscopy. To address this difficulty, we have
developedGRASP, a system to label membrane con-
tacts and synapses between two cells in living ani-
mals. Two complementary fragments of GFP are ex-
pressed on different cells, tethered to extracellular
domains of transmembrane carrier proteins. When
the complementary GFP fragments are fused to ubiq-
uitous transmembrane proteins, GFP fluorescence
appears uniformly along membrane contacts be-
tween the twocells.Whenoneor bothGFP fragments
are fused to synaptic transmembrane proteins, GFP
fluorescence is tightly localized to synapses. GRASP
marks known synaptic contacts in C. elegans, cor-
rectly identifies changes in mutants with altered syn-
aptic specificity, and can uncover new information
about synaptic locationsasconfirmedbyelectronmi-
croscopy. GRASP may prove particularly useful for
defining connectivity in complex nervous systems.
INTRODUCTION
After axons have been guided to their targets by long-range and
short-range cues, they choose a subset of the available cells as
synaptic partners. This process involves identification of appro-
priate partners, avoidance of incorrect partners, and selection of
subcellular regions for synapse formation (Shen, 2004). Current
knowledge of synaptic connectivity has been obtained largely
by powerful but labor-intensive methods: electrophysiology of
coupled cells or electron microscopy and ultrastructural identi-
fication of connected cell types (White et al., 1986; Katz and
Dalva, 1994; Reid and Alonso, 1995; Briggman and Denk,
2006). Because of the skill and time required for these experi-
ments, the overall connectivity of most nervous systems remains
a mystery. A near-complete ultrastructural analysis has beenperformed only on the nematode Caenorhabditis elegans,where
reconstructions of serial-section electron micrographs defined
the 7000 synapses in the entire nervous system in a project
spanning two decades (White et al., 1986). Perhaps the next
best-understood circuit described by physiology and anatomy
is the vertebrate retina, where 50 cell types are interconnected
in complex patterns that are still not fully mapped (Wassle and
Boycott, 1991; Vaney and Taylor, 2002). A faster method for an-
alyzing synaptic circuitry would be a great asset for establishing
synaptic maps—the anatomical framework for nervous system
function.
In recent years, the analysis of synaptic specificity has been
accelerated by the use of light microscopy and synaptic labels
(Ahmari and Smith, 2002). A synapse is a stable cell junction
with vesicles and active zone proteins localized to the presynap-
tic site, receptors and a scaffolding matrix localized to the post-
synaptic site, and adhesion proteins such as cadherins that can
bridge both cells. Double labeling with antibodies to presynaptic
and postsynaptic proteins can define their sites of colocalization
at synapses (Ahmari and Smith, 2002). Genetically encoded fluo-
rescent synaptic proteins such as VAMP::GFP can improve
resolution by labeling synaptic structures in a subset of cells or
a single cell type (Nonet, 1999). However, these approaches
lose resolution in locations like the mammalian cortex that con-
tain 100,000 synapses or more per cubic millimeter (Binzegger
et al., 2004), a density at which the nearest neighbor of a synaptic
marker is ambiguous. Thus, in regions wheremany synapses co-
exist in a small area, light microscopy fails to provide the resolu-
tion needed to identify exact synaptic partners. Other markers
that cross synapses, such as lectins or rabies and pseudorabies
viruses, are useful for long-range pathway mapping, but some
trans-cellular tracers are toxic, many have some degree of cell-
type specificity, and most cross to multiple cells in a region,
not just synaptic partners (Schwab and Thoenen, 1976; Card
et al., 1990; Peschanski and Ralston, 1985; Cabot et al., 1991;
Yoshihara et al., 1999; Maskos et al., 2002; Wickersham et al.,
2007).
Here we describe GRASP, a generalizable method to label
a synapse based on the proximity of the presynaptic and the
postsynaptic plasma membranes. In CNS synapses, the mem-
branes of two synaptic partners are typically separated by lessNeuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc. 353
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GRASP: A Method for Labeling Synapses In Vivothan 100 nm of extracellular space, a distance that can be
spanned by transmembrane proteins expressed by the two cells.
We detect proximity by the stable, extracellular assembly of the
green fluorescent protein from two complementary fragments
expressed on different cells, in the context of transmembrane
protein carriers that are either broadly distributed on the plasma
membrane or narrowly localized to synaptic regions. Using these
different carriers, GRASP can be used to assess nearest neigh-
bors across the cell membrane or the nearest neighbor at a syn-
apse. We confirm the effectiveness of GRASP in vivo using the
defined connectivity of the Caenorhabditis elegans nervous sys-
temasaguideanddemonstrate thatGRASPcan identify synaptic
defects inmutantsaswell aspreviouslyuncharacterizeddetails of
synaptic locations.
RESULTS AND DISCUSSION
To label synapses, or more generally to label adjacent cells, we
used complementary fragments of GFP tethered to plasma
membrane carrier proteins to detect the proximity of two cell
membranes (Figure 1A). The individually nonfluorescent split-
GFP fragments assemble into a fluorescent form only when the
membranes are sufficiently close to permit carrier proteins to
bridge the intercellular gap. This approach is conceptually similar
to split-GFP methods for determining intracellular protein-pro-
tein interactions in living cells (Ghosh et al., 2000; Zhang et al.,
2004), but modifications were necessary for extracellular GFP
assembly. Most split-GFP proteins used for intracellular assem-
bly require exogenous dimerization domains to fold, and indeed,
that is the basis of their usefulness as protein interaction moni-
tors (Ghosh et al., 2000; Zhang et al., 2004). In membrane
proteins, however, unfolded protein domains activate quality-
control pathways in the endoplasmic reticulum and therefore de-
stabilize the protein before it reaches the cell surface. A split-
GFP system that addresses this concern has been developed
and applied in cells and cell lysates (Cabantous et al., 2005).
One fragment of the split GFP contains the first 214 residues of
the exceptionally stable, fast-folding ‘‘superfolder’’ GFP protein
(Pedelacq et al., 2006), further evolved to be stable as a protein
fragment. This fragment includes ten of the eleven strands of the
beta-barrel structure of GFP and will be called spGFP1-10. The
second split-GFP fragment consists of just 16 residues, 215–
230, which make up the 11th strand of the GFP b-barrel. This
second fragment, spGFP11, acts as a small protein tag that
can be inserted into many different proteins without affecting
their solubility (Cabantous et al., 2005). Thus, each of these frag-
ments should be soluble, nonfluorescent, and relatively inert in
the absence of its complementary fragment. Moreover, super-
folder GFP crystallizes as a monomer, suggesting that it should
not serve as a nucleation site for further protein aggregation
(Pedelacq et al., 2006).
For GRASP to act as a transmembrane proximity detector,
both fragments should be tethered to the plasma membranes
of the test cells. As a potentially inert tether protein, we began
with the human T cell protein CD4, a structurally characterized
protein whose natural extracellular ligand, the MHC class II pro-
tein, is not present in C. elegans. To minimize intracellular inter-
actions, cytosolic domains of CD4 that interact with signaling354 Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc.molecules were deleted, leaving a seven amino acid cytosolic
tail; the extracellular domain was also truncated to include only
one or two of its four immunoglobulin domains. spGFP1-10
and spGFP11 were separately inserted into extracellular loop re-
gions defined by the crystal structure of CD4 (Ryu et al., 1990),
with GFP11 followed by a glycine-serine linker (Figure 1A). Nei-
ther of these CD4::spGFP fragments resulted in detectable
GFP fluorescence when individually expressed in C. elegans
neurons or muscle (Figure 1 and data not shown).
As a stringent test for the extracellular assembly of the teth-
ered split-GFP proteins, cultured cells expressing complemen-
tary CD4::spGFP fragments were mixed in vitro. Two different
transgenic C. elegans strains were generated; one strain ex-
pressed CD4::spGFP1-10 and a nuclear CFP protein under the
muscle-specific myo-3 promoter, and the second strain ex-
pressed CD4::spGFP11 and a soluble mCherry protein under
the myo-3 promoter. Primary myocytes and neurons from both
strains were isolated after dissociation of embryos, mixed to-
gether, and cultivated overnight (Christensen et al., 2002). GFP
fluorescence was undetectable in myocytes from either trans-
genic strain, although the mCherry and nuclear CFP were readily
detectable, but strong GFP fluorescence was observed at the in-
terface of myocytes that expressed mCherry and myocytes that
expressed nuclear CFP (Figures 1B–1G). This experiment estab-
lished that the CD4-tethered spGFP fragments were able to
associate, fold, and fluoresce in the extracellular space.
To determine whether tethered CD4::spGFP molecules could
assemble at extracellular sites in vivo, complementing fragments
were expressed in nonoverlapping but adjacent sets of bodywall
muscle cells. In these in vivo GRASP experiments, the two
spGFP fragments were individually injected into different strains,
along with mCherry or nuclear CFP markers for the cells of inter-
est, and the single strains were examined to ensure that they did
not produce detectable GFP fluorescence. The transgenic
strains were then crossed together to generate strains bearing
both spGFP transgenes, which were examined for GFP fluores-
cence. This double-transgenic approach was used because the
DNA fragments in a single transgenic array sometimes recom-
bine with each other (Mello and Fire, 1995), and recombination
or interactions between promoters in a single transgenic array
had the potential to generate spurious GFP fluorescence. C. ele-
gans body wall muscle is arranged in four quadrants, with
each quadrant consisting of two interdigitated rows of medial
and lateralmyocytes. Thehim-4promoter is expressedonly in lat-
eral myocytes, while the ace-4 promoter is expressed only in dor-
salmedialmyocytes (Combes et al., 2003;Vogel andHedgecock,
2001). Differential expression of CD4::spGFP fragments from
the him-4 or ace-4 promoters would be predicted to allow GFP
assembly only in the dorsal quadrants, at the contacts between
the lateral andmedialmuscle cells. Indeed, in animals expressing
both ace-4::CD4::spGFP1-10 and him-4::CD4::spGFP11, GFP
fluorescence appeared at the junctions of dorsal medial and lat-
eral muscle cells (Figures 1H–1L). As observed in culture, the
GRASP GFP signal in vivo was restricted to sites of cell contact,
suggesting that the membrane tethers were intact.
The ace-4 promoter is strongly expressed in L1 larvae and
downregulated in adults (Combes et al., 2003). The muscle cell
GRASP GFP signal followed a similar time course, with a strong
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GRASP: A Method for Labeling Synapses In VivoFigure 1. GRASP Strategy and Demonstra-
tion of Extracellular GFP Assembly In Vitro
and In Vivo
(A) Schematic diagram of GRASP with delocalized
CD4 tethers (left), presynaptically localized PTP-
3A and a delocalized CD4 tether (center), and
pre- and postsynaptically localized NLG-1 tethers
(right). Asterisk symbolizes presynaptic site;
arrowhead, postsynaptic site.
(B–G) Extracellular GFP reconstitution in culture.
Three cells express mCherry and CD4::spGFP11,
and one cell expresses nuclear CFP and
CD4::spGFP1-10. (B) Schematic diagram. (C) Dif-
ferential interference contrast image. (D) mCherry.
(E) nuclear CFP. (F) GRASP GFP signal. (G) Merge.
Body wall muscle cells were labeled using the
myo-3 promoter.
(H–L) Extracellular GFP reconstitution in vivo. (H)
Schematic drawing of two rows of dorsal body wall
muscles. Medial muscle cells express mCherry and
CD4::spGFP11, and lateral muscle cells express nu-
clear CFP and CD4::spGFP1-10. (I) mCherry. (J) nu-
clear CFP. (K) GRASPGFP signal; yellow arrowhead
marks CFP bleed-through. (L) Merge. Medial dorsal
body wall muscle cells were labeled using the ace-
4 promoter, and lateral body wall muscle cells using
the him-4 promoter.
Scale bars are 5 mm in (C)–(G), 10 mm in (I)–(L).larval signal that disappeared in adult animals. Although GFP as-
sembly is thought to be irreversible once it occurs (Kerppola,
2006), this observation suggests that the normal turnover of
the CD4 tether protein can disrupt the refolded GFP or release
it from cells. Weak GFP signals were sometimes observed in
internal vesicles, suggesting the internalization of the refolded
proteins.
To generate markers for synapses, at least one of the two
spGFP tether proteins should be localized to synaptic regions.
The best-characterized presynaptic transmembrane protein in
C. elegans is PTP-3A, a member of the LAR/receptor tyrosine
phosphatase family with extracellular Ig repeats and fibronectin
type III repeats (Ackley et al., 2005). PTP-3A and related proteins
affect synaptic development andmorphology inC. elegans,Dro-
sophila, and vertebrates (Ackley et al., 2005; Dunah et al., 2005;
Kaufmann et al., 2002). C. elegans PTP-3A is expressed in many
neuronal cell types and in motor neurons is tightly localized to
presynaptic active zones through interactions with the extracel-
lular matrix component nidogen and the active zone protein
SYD-2/liprin-a (Ackley et al., 2005). PTP-3A::spGFP was gener-
ated by inserting the small spGFP11 tag immediately after an ar-
tificial signal peptide followed by full-length PTP-3A (Figure 1A).
In GRASP experiments, PTP-3A in presynaptic neurons was
paired with the delocalized CD4::spGFP1-10 tether on postsyn-
aptic partners.
Another potential way to visualize specific synapses between
two neurons is to target both GRASP carriers to pre- and post-
synaptic sites. To construct such a marker, we searched for
transmembrane molecules that are targeted to synapses. In
the vertebrate central nervous system, neuroligins are preferen-
tially localized to postsynaptic sites, where they interact with
presynaptic neurexins to affect synaptic maturation and func-tion (Craig and Kang, 2007; Varoqueaux et al., 2006). C. elegans
has a single neuroligin homolog, C40C9.5 (nlg-1), that is widely
expressed in the nervous systems (www.wormbase.org). A full-
length NLG-1 cDNA was tagged with intact YFP and expressed
in different neuronal cell types. Consistent with vertebrate find-
ings, bright punctate staining was observed in dendritic (post-
synaptic) regions (Figure 2 and data not shown). Surprisingly,
clear punctate staining was also observed in presynaptic re-
gions of each neuronal type. For example, in the DA9 motor neu-
ron, bright NLG-1::YFP puncta were present in the ventral post-
synaptic domain, and dimmer puncta were present in the dorsal
presynaptic region (Figures 2A and 2B). Puncta were excluded
from the synapse-poor region between the cell body and dorsal
presynaptic region and from the anterior asynaptic region of
the dorsal process. To further study the punctate staining in
the presynaptic region, NLG-1::YFP localization was examined
in animals expressing the tagged synaptic vesicle protein
mCherry::RAB-3 in DA9. In the dorsal axon, NLG-1::YFP puncta
partially colocalized with puncta containing mCherry::RAB-3,
suggesting that NLG-1::YFP localization is perisynaptic (Figures
2C–2E).
Like DA9, AVE interneurons and VA motor neurons have dis-
tinct presynaptic and postsynaptic regions. AVE interneurons
have a dense postsynaptic region in the nerve ring and a sparse
presynaptic region in the ventral nerve cord. VA motor neurons
have cell bodies in the ventral nerve cord and extend short den-
drites posteriorly and longer axons anteriorly. NLG-1::YFP was
present in both presynaptic and postsynaptic regions of each
of these neuronal classes, but absent from asynaptic zones of
the processes (Figures 2F–2I). NLG-1 thus has the potential to la-
bel all synapses made by a single cell, both at presynaptic and at
postsynaptic sites.Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc. 355
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GRASP: A Method for Labeling Synapses In VivoFigure 2. C. elegans Neuroligin Localizes
Both Pre- and Postsynaptically in Neurons
(A and B) NLG-1::YFP localizes to pre- and post-
synaptic regions of DA9 motor neurons, but is
more prominent in the postsynaptic region.
(C–E) NLG-1::YFP colocalizes with the synaptic
vesicle marker mCherry::RAB-3 in DA9. (C) NLG-
1::YFP. (D) mCherry::RAB-3. (E) Merge. Yellow
arrowheads indicate colocalizing puncta, white
arrows indicate RAB-3-only puncta.
In (A)–(E), DA9 expression was directed by the
mig-13 promoter.
(F andG) NLG-1 localizes to pre- and postsynaptic
regions of AVE interneurons, labeled using the
opt-3 promoter. P, pharynx.
(H and I) NLG-1 localizes to pre- and postsynaptic
regions of VA motor neurons, labeled using the
unc-4 promoter.
Known synaptic domains (White et al., 1986) are
indicated in schematic diagrams (A, F, and H). An-
terior is at left in all panels. Scale bars, 10 mm.The activities of three different GRASP pairs—CD4:CD4, PTP-
3A:CD4, and NLG-1:NLG-1—were compared in a common set
of synaptic partners. The AVA command neurons of C. elegans
form synapses and gap junctions with VA and DAmotor neurons
along the entire length of the ventral nerve cord (Figures 3A–3C)
(White et al., 1976, 1986). One member of a GRASP pair was ex-
pressed in AVA neurons under either the rig-3 promoter or the
flp-18 promoter, which are unique to AVA neurons in the ventral
nerve cord (www.wormbase.org), and the other GRASP partner
was expressed in VA and DA neurons using the unc-4 promoter,
which is limited to VA, DA, and VC motor neurons in the ventral
nerve cord (Lickteig et al., 2001).
When AVA or VA/DA neurons were labeled with the comple-
mentary CD4:CD4GRASPpair, GFP fluorescencewas observed
along the entire ventral nerve cord (Figures 3D–3F). Labeling ap-
peared uniform along most of the ventral cord, suggesting that
the signal resulted from general proximity of axons and not
from synapses or gap junctions, which should appear more
punctate. No GFP fluorescence was detected with the individual
AVA or VA/DA spGFP transgenes (data not shown).
When the PTP-3A:CD4 GRASP pair or the NLG-1:NLG-1
GRASP pair were used to label AVA andVA/DA neurons, discrete
puncta of GFP fluorescence were visible along the mCherry-
labeled VA/DA axons, in contrast with the uniform fluorescence
seenwith CD4:CD4GRASP (Figures 3G–3L). TheGRASP signals
appeared as clusters of 10 puncta separated by gaps, as ex-
pected if a single cluster represents AVA connections with one
motor neuron (White et al., 1976). Thus, synaptic localization of
either one or both spGFP carriers can localize the reconstituted
GFP signal to specialized membrane domains.
To confirm that GRASP signals were at synapses, and to dis-
tinguish between the chemical synapses and the gap junctions
made between AVA and VA/DA neurons, a labeled RAB-3 syn-
aptic vesicle protein was expressed in AVA neurons together
with the NLG-1 GRASP partner. Most NLG-1 GRASP signals
colocalized with RAB-3::mCherry puncta, suggesting that the
GRASP signal corresponds to chemical synapses and not gap356 Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc.junctions (Figures 3M–3O). However, some AVA RAB-3::
mCherry puncta were not associated with NLG-1 GRASP sig-
nals, consistent with the fact that AVA makes synapses onto
other neurons in the ventral nerve cord that do not express
unc-4.
AVA-to-VA synapses have been the subject of extensive ge-
netic studies. A paired-type homeodomain protein, UNC-4,
and a Groucho corepressor, UNC-37, are required in VA2-
VA10 neurons to specify the correct pattern of presynaptic input
from AVA neurons (White et al., 1992; Miller et al., 1992; Pflugrad
et al., 1997). Other properties of VA neurons, including their mor-
phologies, ability to express unc-4, axon guidance, and fascicu-
lation are not affected by unc-4 and unc-37 mutations, nor are
synapses from AVA onto the DA neurons affected. In the poste-
rior C. elegans nerve cord, a cluster of synapses from AVA to
VA10 is localized between the VA10 cell body and the DA7 cell
body (Figures 4A–4C) (White et al., 1976) (E. Chen, D. Hall, and
D. Chklovskii, personal communication). The majority of synap-
ses between AVA and unc-4-expressing neurons in this small re-
gion should be from AVA onto VA10 neurons. A small cluster of
NLG-1 GRASP GFP signals was reliably present between VA10
and DA7 in wild-type animals, but was systematically lost in
unc-4 and unc-37 mutants, consistent with the loss of AVA-to-
VA synapses (Figures 4C–4G). A nearby cluster of GFP puncta
behind the VA11 cell body was intact in mutants, as expected
based on EM data showing that the unc-4 mutation spares syn-
apses between AVA and VA11 neurons (Figures 4C–4G). These
results indicate that GRASP labeling can be used to visualize dif-
ferences in synaptic connectivity in the ventral nerve cord of
wild-type and mutant animals.
A different set of genetically characterized synapses, those
associated with the egg-layingmotor neuron HSN, was analyzed
using PTP-3A:CD4 GRASP. HSN forms synapses onto vulval
muscles and VC4 and VC5 neurons in the middle of the body
near the vulval opening (Figure 5A) (White et al., 1986). To exam-
ineHSN synapses ontomuscles, the tph-1 promoter was used to
express PTP-3A::spGFP11 in HSN, and themyo-3 promoter was
Neuron
GRASP: A Method for Labeling Synapses In VivoFigure 3. GRASP Labels Neuronal Contact
Sites and Synapses In Vivo
(A) Schematic diagram of AVA neuron and VA and
DA motor neurons.
(B) mCherry-labeled VA neuron.
(C) mCherry-labeled AVA neuron.
(D–F) CD4 GRASP smoothly labels AVA-to-VA/DA
axon contacts. AVA expresses CD4::spGFP11,
VAs and DAs express CD4::spGFP1-10 and
mCherry. (D) mCherry. (E) GRASP GFP signal. (F)
Merge.
(G–I) PTP-3A:CD4 GRASP labels punctate AVA-
to-VA/DA synaptic contacts. AVA expresses
PTP-3A::spGFP11, VAs and DAs express
CD4::spGFP1-10 and mCherry. (G) mCherry. (H)
GRASP GFP signal. (I) Merge.
(J–L) NLG-1 GRASP requires both spGFP frag-
ments. (J) NLG-1::spGFP1-10 expressed in AVA.
(K) NLG-1::spGFP11 expressed in VA and DA. (L)
Combined expression of NLG-1::spGFP1-10 in
AVA and NLG-1::spGFP11 in VA and DA. Arrow-
heads flank GRASP GFP puncta.
(M–O) NLG-1 GRASP colocalizes with synaptic
markers. (M) NLG-1 GRASP between AVA and
VA and DA neurons. (N) Presynaptic mCher-
ry::RAB-3marker in AVA. (O)Merge. Yellow arrow-
heads indicate colocalizing puncta; white arrows
indicate RAB-3-only puncta. AVA was labeled us-
ing rig-3 or flp-18 promoters, VA and DA using the
unc-4 promoter.
Anterior is at top center in (C) and at left in all other
panels.used to express CD4::spGFP1-10 in vulval muscles and body
wall muscles. Discrete GFP puncta were observed on HSN
branches near the vulva, where HSNs synapse onto vulval mus-
cles (Figures 5B–5E). Although body wall muscles lie near HSN in
the ventral nerve cord, HSN does not synapse onto them, and no
GFP signals were observed there (Figures 5B–5E).
The synaptic specificity of HSN is disrupted by mutations in
the genes syg-1 and syg-2, which encode transmembrane pro-
teins that are expressed in HSN and in guidepost cells that local-
ize HSN synapse formation, respectively (Shen and Bargmann,
2003; Shen et al., 2004). In syg-1 and syg-2 mutants there is
a partial loss of HSN synapses near the vulva and the ectopic
appearance of anterior synapses onto body wall muscle. Both
missing and ectopic synapses were reflected in the pattern of
fluorescence using PTP-3A:CD4 GRASP in syg-1 and syg-2mu-
tants (Figures 5F–5I and data not shown). Quantification of signal
intensity demonstrated a 6-fold increase in anterior GRASP fluo-
rescence and a 4-fold decrease in vulval GRASP fluorescence in
the syg-1 strain compared to wild-type (Figures 5J and 5K).
These results suggest that GRASP accurately recapitulates the
underlying synaptic connectivity in wild-type and mutant HSN
neurons.
HSN synapses onto VC neurons were visualized by pairing the
presynaptic PTP-3A partner in HSN with unc-4::CD4::spGFP1-
10, which labels VC, VA, and DA neurons. VC axons defascicu-
late dorsally from the ventral nerve cord near the vulva, so unc-4
signals in this loop are exclusively from VC and not from VA or DA
(Figure 5A). As expected from HSN connectivity, GRASP GFP
fluorescence was observed only in this loop near the vulva,although HSN runs near many unc-4-expressing neurons in
the ventral nerve cord. To our surprise, the GRASP pattern
was different from that observed with the vulval muscle myo-
3::CD4::spGFP1-10 transgene (Figures 6A–6F). Whereas HSN-
to-vulval-muscle fluorescence was strongest at the two branch
points or branches of the HSN axon that flank the vulval opening,
HSN-to-VC fluorescence was concentrated in the central axon
region between the branches. Previous electron microscopic
studies of wild-type HSN synapses were consistent with muscle
synapses flanking central VC synapses, but only one animal had
been reported and the effect was not absolute (White et al.,
1986). We therefore examined 2000 serial-section electron mi-
crographs of a second wild-type HSN, scoring the location of
20 synapses onto vulval muscles and VC neurons separately
(Figure 6G). This analysis confirmed that HSN-to-VC synapses
are centrally located around the vulva and are flanked by HSN-
to-vulval muscle synapses.
This unexpected detail of HSN connectivity offers a glimpse of
the potential of GRASP. Previous experiments inwhich HSN syn-
apses were labeled with the synaptic vesicle protein SNB-
1::GFP were sufficient to show the aberrant anterior synapses
and, to a lesser extent, the loss of vulval synapses in syg-1 and
syg-2 mutants (Shen and Bargmann, 2003; Shen et al., 2004).
Electron microscopy was needed to detect the change in post-
synaptic partners in syg-1 and syg-2 mutants, but by using
GRASP it was possible to infer the change in partner choice by
light microscopy. In addition, the fine structure of wild-type
HSN synapse localization onto vulval muscles and VCs had
been overlooked, but was revealed by GRASP.Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc. 357
Neuron
GRASP: A Method for Labeling Synapses In VivoFigure 4. NLG-1 GRASP Reveals Synaptic
Defects in unc-4 and unc-37 Mutants
(A) mCherry-labeled VA and DA neurons.
(B) Schematic diagram of posterior VA and DA
neurons shown in (A).
(C) AVA-to-VA/DA NLG-1 GRASP of the animal in
(A), showing GFP puncta at sites of AVA-to-VA/DA
synapses.
(D–G) unc-4 and unc-37 mutations disrupt AVA-
to-VA10 synapses but not AVA-to-VA11 synap-
ses. (D) Schematic diagram. (E and F) NLG-1
GRASP of unc-4 (E) and unc-37 (F) animals. (G)
Quantification of GFP fluorescent puncta, as
shown in (C), (E), and (F). Scale bars are 10 mm.
Asterisks mark VA10 and VA11 cell bodies. Error
bars indicate SEM.To confirm that GRASP could differentially label distinct sub-
sets of synapses made on one process, two classes of AIY inter-
neuron synapses were labeled with NLG-1 GRASP. In the nerve
ring, the AIY interneuron sends synapses to the RIA interneuron
in a small ventral region of its axon and receives synapses from
the AFD sensory neuron in the dorsal part of its axon (White et al.,
1986). To examine these synapses, NLG-1::spGFP1-10 was
expressed in AIY neurons using the ttx-3 promoter, and NLG-
1::spGFP11 was expressed either in the RIA neuron using the
glr-3 promoter or in the AFD neuron using the gcy-8 promoter
(Figures 6H–6K). NLG-1 GRASP exclusively labeled the regions
where synapses were expected based on EM reconstruction
of AIY (White et al., 1986). Thus, NLG-1 GRASP between AIY
and RIA labeled only the ventral region of the AIY axon, whereas
NLG-1 GRASP between AIY and AFD labeled only the dorsal re-
gion. The localizedGRASP signal between AIY andRIA is distinct
from the signal with a generic presynaptic marker for AIY;
GFP::RAB-3 labels all AIY synapses, and therefore forms puncta
along the entire AIY process (Colon-Ramos et al., 2007).
Conclusion and Prospects
GRASP has the potential to greatly increase the ease of synaptic
mapping. In these studies, we used a genetically accessible sys-
tem with a well-defined synaptic map to establish the feasibility
and accuracy of the method, but the greatest possibilities lie in
more complex systems. Drosophila is the most straightforward
system for extending this approach, because many promoter
elements and GAL4 lines are available to direct GFP fragments
to known cell types (Armstrong et al., 1995).Drosophila also pro-
vides one of the greatest opportunities for anatomical discovery,
because the anatomy of the major brain centers is highly com-
plex, with many branched processes packed into small regions,
and CNS connectivity is virtually unknown. The application of
this system to the optically transparent zebrafish should also
be straightforward.
In vertebrates, the existence of large-scale projects for gene
expression analysis should provide promoter elements to drive
GRASP inmany specific cell types (Lein et al., 2007). Long-range358 Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc.connectivity in the vertebrate CNS can be analyzed with lectins
and viruses, but local connectivity might be better defined using
GRASP and promoters for individual excitatory or inhibitory cell
types. Although detecting small GFP signals in vertebrate brains
may prove optically challenging, GRASP should be immediately
applicable in dissociated cells or slice cultures. GRASP frag-
ments should act dominantly and noninvasively upon viral deliv-
ery or transfection, methods that are established in many exper-
imental animals. Therefore, GRASP should be useful to study
connectivity in animals that are not accessible to traditional
genetic approaches.
Any transgene has the potential to be disruptive, and with
GRASP it is possible that the trans-cellular association of GFP
could promote cell adhesion. However, the ability of GRASP to
detect normal and mutant synapses in C. elegans suggests
that it reports existing intercellular connections, rather than cre-
ating new ones.
Even in C. elegans, where the synaptic map is known, GRASP
should provide new information about synaptic variation, devel-
opment, and remodeling. The molecular basis of synaptic spec-
ificity in HSN was already accessible to genetic studies because
HSN makes synapses in a precise and anatomically simple re-
gion, but most C. elegans synapses are in more complex envi-
ronments. In the nerve ring, a single neuron often forms groups
of closely clustered synapses with multiple target cells in a small
area. These connections represent only 15% of the dozens of
cells that one neuron contacts (White et al., 1986). GRASP-
based genetic screens are an attractive future approach to dis-
covering molecules that promote or prevent synapse formation
in these complex environments.
Although our primary interest is in the nervous system, the abil-
ity to identify sites of muscle-muscle contact shows that GRASP
could be used to probe cell contacts in many tissues. Cell migra-
tion, organogenesis, and other physiological processes require
cells to form specialized contacts with appropriate target cells.
Light microscopy can reveal cell adjacency, but the closer asso-
ciation required for GFP assembly may help identify bona fide
recognition events. As shown here for synaptic labeling, the
Neuron
GRASP: A Method for Labeling Synapses In Vivouse of localized markers allows the selective visualization of
specialized attachments and subcellular domains. We hope
that variations of GRASP will be useful to probe many aspects
of cell recognition.
EXPERIMENTAL PROCEDURES
Strains
Nematodes were cultured according to standard techniques at 20C–25C
(Brenner, 1974). The following mutations were used: LGI, unc-37(e262); LGII,
unc-4(e120); LGV, him-5(e1490); LGX, syg-1(ky652), syg-2(ky671). Transgenes
were kyEx1833[myo-3::nls::CFP::lacZ (10 ng/ml), myo-3::CD4-1::spGFP1-10
(50 ng/ml), myo-3::CD4-2::spGFP1-10 (50 ng/ml)]; kyEx1834[myo-3::mCherry
(10 ng/ml), myo-3::GFP11::CD4-1 (50 ng/ml), myo-3::CD4-2::spGFP11 (50 ng/
ml)]; kyEx1904[ace-4::mCherry (10 ng/ml), ace-4::CD4-1::spGFP11 (50 ng/ml),
ace-4::CD4-2::spGFP11 (50 ng/ml), odr-1::DsRed2 (20 ng/ml)]; kyEx1905[him-
4::nls::CFP::lacZ (50 ng/ml), him-4::CD4-1::spGFP1-10 (25 ng/ml), him-
Figure 5. PTP-3A:CD4 GRASP Identifies
Synaptic Defects in syg-1 Mutants
(A–I) PTP-3A:CD4GRASPbetween HSN andmus-
cles. HSN expresses PTP-3A::spGFP11 and
mCherry, and muscles express CD4::spGFP1-
10. (A) Schematic diagram of positions of HSN
neuron, vulval muscles (VM), VC neurons, select
body wall muscle (BWM), and normal and ectopic
synapses.
(B–E) PTP-3A:CD4 GRASP in wild-type animal. (B)
mCherry-labeled HSN axon. (C) GRASP GFP sig-
nal. (D) Merge. (E) Schematic diagram. White ar-
rows mark GRASP-labeled synapses. Asterisks
indicate vulval autofluorescence.
(F–I) PTP-3A:CD4 GRASP in syg-1(ky652) mutant
animal. (F) mCherry-labeled HSN axon. (G)
GRASP GFP signal. (H) Merge. (I). Schematic dia-
gram. Yellow arrowheads mark GRASP-labeled
ectopic synapses.
(J) Quantification of GRASP signals in the anterior
HSN axon (dotted box in [A]) (n = 11–12, p < 0.01,
unpaired t test).
(K) Quantification of GRASP signal in the segment
of the HSN axon near the vulva (dashed box in [A])
(n = 11–12, p < 0.01, unpaired t test). HSN was la-
beled using the tph-1 promoter, vulval and body
wall muscles using the myo-3 promoter.
Anterior is at left and ventral is at bottom in all
images. Scale bars, 10 mm.
4:CD4-2::spGFP1-10 (25 ng/ml), rol-6 (100 ng/ml)];
kyEx1731[rig-3::PTP-3A::spGFP11 (10 ng/ml), rol-
6 (100 ng/ml)] kyEx1718[unc-4::CD4-2::spGFP1-
10 (50 ng/ml), unc-4::mCherry (5 ng/ml),
odr-1::dsRed (15 ng/ml)]; kyEx1710[rig-3::CD4-
2::spGFP11 (50 ng/ml), rol-6 (100 ng/ml)];
kyEx1935[unc-4::CD4-2::spGFP1-10 (50 ng/ml),
odr-1::dsRed2 (20 ng/ml)]; kyEx1939[myo-
3::CD4-2::spGFP1-10 (50 ng/ml), odr-1::dsRed2
(20 ng/ml)]; kyEx1941[myo-3::CD4-2::GFP1-10
(50 ng/ml), odr-1::dsRed2 (20 ng/ml)]; kyEx
2003[tph-1::SL2::PTP-3A::spGFP11 (50 ng/ml),
tph-1::SL2::mCherry (5 ng/ml), flp-17::mCherry (2
ng/ml)]; kyEx2004[tph-1::SL2::PTP-3A::spGFP11
(50 ng/ml), tph-1::SL2::mCherry (5 ng/ml), flp-
17::mCherry (2 ng/ml)]; kyEx2005[tph-1::SL2::PTP-3A::spGFP11 (50 ng/ml),
tph-1::SL2::mCherry (5 ng/ml), flp-17::mCherry (2 ng/ml)]. wyEx1346
[mig-13::nlg-1::YFP (5 ng/ml), odr-1::DsRed2 (50 ng/ml)], wyEx1957[mig-
13::nlg-1::YFP (5 ng/ml), mig-13::mCherry::rab-3 (5 ng/ml), odr-1::DsRed2
(50 ng/ml)], wyEx1345[opt-3::nlg-1::YFP (20ng/ml), odr-1::DsRed2 (5 ng/ml)],
wyEx1955-1956[unc-86::nlg-1::YFP (1ng/ml), unc-86::mCherry:rab-3(0.5 ng/
ml), odr-1::DsRed2(50 ng/ml)], wyEx1915[unc-4::nlg-1::YFP (25 ng/ml), unc-
4::mCherry (5 ng/ml), odr-1::DsRed2 (50 ng/ml)], wyEx1973[flp-18::mCherry
(5 ng/ml), unc-122::GFP (20 ng/ml)], wyEx1334-1344[flp-18::nlg-1::spGFP11
(30ng/ml), odr-1::DsRed2 (50 ng/ml)], wyEx1968-1972[unc-4::nlg-1::spGFP1-
10 (20ng/ml), odr-1::DsRed2 (50 ng/ml)], wyEx1845[unc-4::nlg-1::spGFP1-10
(20ng/ml), flp-18::nlg-1::spGFP11 (30 ng/ml), unc-4::mCherry (5 ng/ml),
odr-1::DsRed2 (50 ng/ml)], wyEx1914[unc-4::nlg-1::spGFP1-10 (20 ng/ml),
flp-18::nlg-1::spGFP11 (30ng/ml), flp-18::mCherry::rab-3 (10 ng/ml), odr-
1::DsRed2 (50 ng/ml)], wyEx1733[ttx-3::nlg-1::spGFP1-10 (80 ng/ml), glr-3::nlg-
1::spGFP11 (40 ng/ml), unc-122::DsRed2 (20 ng/ml)], wyEx1503[gcy-8::nlg-
1::spGFP11 (10 ng/ml), ttx-3::nlg-1::spGFP1-10 (60 ng/ml), unc-122::DsRed2
(20 ng/ml)].Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc. 359
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Primary cell culture of embryonic C. elegans muscles and neurons was
performed essentially as described (Christensen et al., 2002). Briefly, gravid
hermaphrodites were lysed with 0.5 M NaOH and 0.5% NaOCl to release
embryos, which were digested with 2 U/mL Serratia marcescens chitinase
(Sigma, St. Louis, MO) to dissolve the eggshell. Cells were separated by tritu-
ration and passed through a 5 mm Durapore syringe filter (Millipore, Bedford
MA). The cell preparation was rocked overnight in microcentrifuge tubes at
room temperature to allow differentiation and aggregation. The next day, cells
were transferred to poly-L-lysine-coated glass slides (Polysciences, Warring-
ton, PA) and allowed to adhere for at least 1 hr in humidified chambers before
coverslips were added and sealed with nail polish.
Figure 6. GRASP Identifies Subcellular Lo-
cations of Specific Synapses
(A–C) PTP-3A:CD4 GRASP between HSN and vul-
val muscles. HSN expresses PTP-3A::spGFP11
and mCherry; vulval muscles express CD4::sp
GFP1-10. (A) mCherry-labeled HSN axon. (B)
GRASP GFP signal. (C) Merge.
(D–F) PTP-3A:CD4 GRASP between HSN and VC
neurons. HSN expresses PTP-3A::spGFP11 and
mCherry; VC neurons express CD4::spGFP1-10.
(D) mCherry-labeled HSN axon. (E) GRASP GFP
signal. (F) Merge. White arrows mark GRASP sig-
nal; asterisk indicates vulval autofluorescence.
(G) Location and postsynaptic partner of individual
HSN synapses from a wild-type L4 animal, recon-
structed from 2000 serial electron micrograph
sections (Shen et al., 2004). The vulva is approxi-
mately 10 mm long.
(H–K) NLG-1 GRASP signals at synapses between
AIY and RIA interneurons (H and I) and AIY inter-
neurons and AFD sensory neurons (J and K).
Schematic diagrams in (H) and (J) show cell posi-
tions and locations of specific synap-
ses (White et al., 1986). AIY expresses NLG-
1::spGFP1-10, and RIA (I) or AFD (K) express
NLG-1::spGFP11. AIY was labeled using the ttx-
3 promoter, RIA using the glr-3 promoter, and
AFD using the gcy-8 promoter.
Scale bars, 10 mm. Anterior is at left and ventral is
at bottom in all images.
Molecular Biology
Split GFP Fragments
For CD4 GRASP and PTP-3A:CD4 GRASP,
spGFP1-10 cDNA was synthesized from pub-
lished sequences (Cabantous et al., 2005), using
cDNA codons optimized for C. elegans (BioBasic,
Toronto, Canada). spGFP11 was generated from
complementary oligonucleotides with the se-
quences 50-GCTAGCCGTGACCACATGGTCCTT-
CATGAGTATGTAAATGCTGCTGGGATTACAGG-
TGGCGGCGGAAGTGGAGGTGGAGGCTCGGT-
CGAC-30 and 50-GTCGACCGAGCCTCCACCTC-
CACTTCCGCCGCCACCTGTAATCCCAGCAGCA-
TTTACATACTCATGAAGGACCATGTGGTCACGG-
CTAGC-30. For NLG-1 GRASP, fragments of spG-
FP1-10 and spGFP11 were kind gifts of L. Looger.
To ensure that this split GFP would function
properly in C. elegans, which is cultivated at
a lower temperature thanmammalian cells or bac-
terial cells, spGFP1-10 and spGFP11 were coex-
pressed under the muscle-cell-specific myo-3
promoter in transgenic strains. Strong fluorescence was observed within the
cytoplasm of muscle cells expressing both fragments, but no detectable
GFP fluorescence was observed when either spGFP1-10 or spGFP11 was ex-
pressed on its own (data not shown).
CD4 Carriers
CD4 cDNA was a gift from P. Dhadialla. CD4-1 and CD4-2 were amplified
with the oligonucleotides 50-ATCATCGTCGACAGAGCCACTCAGCTCCA
G-30 and 50-ATCATCGTCGACTTCCAGAAGGCCTCCAGC-30, respectively,
with the common reverse oligonucleotide 50-ACTCACGATATCCTAGCGCC
TTCGGTGCCGGCACCT-30. These fragments were inserted into the SalI-
EcoRV sites of pSM-PAT-3, a variant of the C. elegans expression vector
pSM containing a 50 signal sequence. To generate this plasmid, the PAT-3360 Neuron 57, 353–363, February 7, 2008 ª2008 Elsevier Inc.
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plified with oligonucleotides 50-TCGTATGTTGTGTGGAATTGTGAGCGGATA-
30 and 50-TATAGCTAGCAGTGACTTCTCCAGTCTTCC-30 and ligated as an
XmaI/NheI fragment into the XmaI-NheI sites of pSM, with the signal peptide
cleavage site immediately followed by an in-frame NheI site. CD4-
1::spGFP1-10, CD4-2::spGFP1-10, CD4-1::spGFP(11), and CD4-2::spGFP11
were generated by cloning spGFP1-10 and spGFP11 sequences into the
NheI-SalI sites of pSM-PAT-3::CD4-1 and pSM-PAT-3::CD4-2.
For experiments in neurons, CD4 transgene expression was increased by
codon-optimizing the CD4 sequence for C. elegans and adding synthetic
intron sequences. A CD4-2::spGFP11 construct was synthesized from 50-mer
oligonucleotides according to the GeneDesign protocol (Richardson et al.,
2006) with the substitution of PfuTurbo polymerase (Stratagene, La Jolla, CA)
for ExTaq polymerase. Two 500 bp products were fused by overlap-extension
PCR, cloned into TopoBlunt (Invitrogen, Carlsbad, CA), and recloned into pSM-
PAT-3. Introns were introduced into the spGFP1-10 cDNA by overlap extension
PCR, and this product fused to codon-optimized CD4-2 by another round of
overlap extension PCR.
PTP-3A Carriers
An Asp718/AvrII fragment containing the ptp-3aminigene and 30 untranslated
region (a kind gift of B. Ackley and Y. Jin) were cloned into the Asp718 and SpeI
sites of pSM. An AscI-SpeI fragment containing the pat-3 signal sequence,
spGFP11, a glycine-serine linker, and a short 50 segment of the ptp-3a mini-
gene was cloned into the AscI and SpeI sites of this vector to generate the
pat-3 signal sequence::spGFP11::ptp-3a chimeric minigene.
NLG-1 Carriers
An nlg-1::GFP construct was generated in two steps. First, the GFP in pSM-
GFPwas replacedwith a fragment generated by amplifying the nlg-1 signal se-
quence predicted by SMART and GFP, using a 50 primer adding an NheI site
and a 30 primer adding an EcoRI site. The remainder of nlg-1 cDNA was ampli-
fied with primers adding 50 EcoRI and SacI sites and a 30 EcoRI site and subcl-
oned into the EcoRI site. nlg-1::spGFP1-10 and nlg-1::spGFP11 were gener-
ated by replacing the NheI-SacI fragment in nlg-1::GFP with a fragment
generated by amplifying spGFP1-10 or spGFP11 using primers that added
50 NheI and 30 SacI sites.
Promoters for GRASP
Promoters used in this study weremyo-3 (muscle, except Figures 1H–1L), ace-
4 (medial dorsal body wall muscle in Figures 1H–1L), him-4 (lateral body wall
muscle in Figures 1H–1L), mig-13 (DA9), opt-3 (AVE), unc-4 (VA, DA, and VC
motor neurons), rig-3 (AVA for CD4:CD4 GRASP and PTP-3A:CD4 GRASP),
flp-18 (AVA for mCherry and NLG-1 GRASP), tph-1 (HSN), ttx-3 (AIY), glr-3
(RIA), and gcy-8 (AFD). Most promoters were cloned into pSM vectors using
standard methods. To generate flp-18::nlg-1::spGFP1-10, unc-4::nlg-
1::spGFP1-10, ttx-3::nlg-1::spGFP1-10, glr-3::nlg-1::spGFP11, and gcy-
8::nlg-1::spGFP11, an SphI-SmaI fragment containing the flp-18, ttx-3, or
gcy-8 promoter, or an SphI-AscI fragment containing the unc-4 or glr-3 pro-
moter, was subcloned into the multiple cloning site in nlg-1::spGFP1-10 or
nlg-1::spGFP11.
To create a tph-1 promoter expressed in HSN, 3 kb of tph-1 promoter and
the first four exons and three introns of the tph-1 gene were amplified from N2
genomic DNA, a stop codon was introduced by PCR, and this fragment was
fused to an SL2 sequence by overlap-extension PCR. This plasmid creates
a bicistronic mRNA in which the SL2 element initiates an inserted RNA of
interest (Spieth et al., 1993).
nlg-1::YFP
cDNAs in attL-containing pDONR201 vector (OpenBiosystems, Huntsville, AL)
encoding NLG-1 (C40C9.5) were recombined into the C-terminal YFP pSM
Gateway Destination vector containing the mig-13 promoter (Klassen and
Shen, 2007), opt-3 promoter, or unc-86 promoter (Patel et al., 2006) with LR
Clonase (Invitrogen, Carlsbad, CA). The unc-4::nlg-1::YFP plasmid was cre-
ated by replacing an SphI-AscI fragment containing the opt-3 promoter in
opt-3::nlg-1::YFP with an unc-4 promoter fragment from unc-4::mCherry.
mCherry::rab-3, mCherry, and Nuclear CFP Clones
mig-13::mCherry::rab-3 (Klassen and Shen, 2007) and unc-86::mCherry::rab-3
(Patel et al., 2006) were previously described. To generate the flp-18::mCher-
ry::rab-3 construct, the flp-18 promoter (Rogers et al., 2003) was amplified
from N2 genomic DNA, adding 50 SphI and 30 SmaI sites, and subclonedinto the SphI-SmaI fragment from ttx-3::mCherry::rab-3 (Colon-Ramos et al.,
2007), replacing the ttx-3 promoter.
The flp-18::mCherry construct was made by replacing the ttx-3 promoter in
ttx-3::mCherry with the flp-18 promoter. Other mCherry constructs were gen-
erated by introducing promoters into pSM-mCherry (a gift of N. Pokala).
Nuclear CFP plasmids were generated from pPD133.45, a plasmid contain-
ing myo-3::nls::CFP::LacZ. The ttx-3 promoter was introduced into this plas-
mid as a HindIII/XbaI fragment, replacing the myo-3 promoter, to create a
nuclear CFP vector suitable for FseI-AscI promoter fragments.
Germline Transformation and Analysis of Transgenes
Transgenic strains were generated as previously described (Mello and Fire,
1995). Transgenic arrays were generated in either N2 or him-5 backgrounds.
In all CD4:CD4 GRASP and PTP-3A:CD4 GRASP experiments, presynaptic
transgenes and postsynaptic transgenes were injected separately, demon-
strated not to generate GFP fluorescence individually, and then crossed to
each other at the F3 generation or later. In NLG-1 GRASP experiments, both
transgenes were injected together, and mosaic analysis of transgenic animals
was used to ensure that GFP was only observed when both pre- and postsyn-
aptic cells carried the transgenes. These controls indicated that GFP signals
were not artifactually generated by recombination between plasmids during
generation of the transgenes.
Light Microscopy
Animals were mounted on 2% or 4% agarose pads containing 0.01% tetra-
misole or 1 mM levamisole. Most images were collected with a 633 objective
on a Zeiss Axioskop or Axioplan2 equipped with DIC and epifluorescence and
a Hamamatsu C2400 CCD camera. Figures 5B–5I were acquired on a Delta-
Vision Image Restoration Microscopy system on an Olympus IX-70 micro-
scope with a 603 objective. For quantification in Figures 5J and 5K, a sub-
stack that included all synaptic puncta was thresholded to yield the best
signal-to-noise ratio by an investigator blind to the animal’s genotype. The to-
tal area of fluorescence of each region of the HSN axon was then quantified
using ImageJ 1.37v. Images were processed in Metamorph and Adobe
Photoshop.
Electron Microscopy
An N2 L4 hermaphrodite was prepared for conventional transmission electron
microscopy as described (Shen et al., 2004) by fixation in 0.8% glutaralde-
hyde, 0.8% osmium tetroxide in 0.1 M Na-cacodylate buffer, pH 7.4, postfix-
ation with 0.5% osmium tetroxide in 100mMNa-cacodylate buffer at 4C, and
staining en bloc with 1% aqueous uranyl acetate prior to debydration and
embedding in Eponate 12 resin. Serial 50 nm sections were cut with a Leica
Ultracut T microtome, collected on Formvar-coated slot grids and stained
with uranyl acetate and Sato’s lead, and photographed with a JEOL 1200
EX/II TEM operated at 80 kV.
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